Inflorescences of alpine cushion plants freeze autonomously and may survive subzero temperatures by supercooling  by Hacker, Jürgen et al.
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a b s t r a c t
Freezing patterns in the high alpine cushion plants Saxifraga bryoides, Saxifraga caesia, Saxifraga moschata
and Silene acaulis were studied by infrared thermography at three reproductive stages (bud, anthesis,
fruit development). The single reproductive shoots of a cushion froze independently in all four species
at every reproductive stage. Ice formation caused lethal damage to the respective inﬂorescence. After
ice nucleation, which occurred mainly in the stalk or the base of the reproductive shoot, ice propagated
throughout that entire shoot, but not into neighboring shoots. However, anatomical ice barriers within
cushions were not detected. The naturally occurring temperature gradient within the cushion appeared
to interrupt ice propagation thermally. Consequently, every reproductive shoot needed an autonomousnﬂorescence freezing pattern
ummer frost survival
upercooling
hermal ice barrier
ice nucleation event to initiate freezing. Ice nucleation was not only inﬂuenced by minimum tempera-
tures but also by the duration of exposure. At moderate subzero exposure temperatures (−4.3 to −7.7 ◦C)
the number of frozen inﬂorescences increased exponentially. Due to efﬁcient supercooling, single repro-
ductive shoots remained unfrozen down to −17.4 ◦C (cooling rate 6Kh−1). Hence, the observed freezing
pattern may be advantageous for frost survival of individual inﬂorescences and reproductive success of
high alpine cushion plants, when during episodic summer frosts damage can be avoided by supercooling.. Introduction
In high alpine environments, plant life is mainly limited by low
emperatures [1]. The alpine climate is characterized by short and
old growing seasons and stochasticweather conditions [2]. Inwin-
er, with the lowest temperatures to occur, prostrate high alpine
lants such as cushion plants are usually sufﬁciently protected
y frost hardening and snow coverage. Plants are only occasion-
lly frost damaged at snow free sites [3]. The main threats are
pisodic frost events during the growing period, when plants have
he lowest level of frost resistance [4]. The risk of frost damage
ncreases with altitude, as the frequency and severity of cold spells
s increased [5]. These frost events either are the consequences of
old waves [4], or caused by radiative heat loss, which can cool the
lants below ambient temperature for several degrees in alpine
nvironments [6].
Survival of summer frosts can be ensured either by freezing
olerance or by prevention of ice nucleation. While fully matured
eaves of alpine woody and herbaceous plants can tolerate the for-
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mation of extracellular ice and subsequent freeze-dehydration to
some extent [5], growing plant parts in the elongation phase do not
tolerate freezing at all [7,8]. After cells are fully expanded and dif-
ferentiated, frost resistance increases to values of the old leaves
[9]. Generally, little knowledge exists about the frost resistance
of reproductive tissues. Usually the reproductive organs of plants
are most sensitive to frost, especially the style and ovules [3]. In a
previous study, vegetative shoots of rosettes and cushion plants of
several high alpine species of various growth forms were not frost
injured,while at the same time the reproductive shoots got lethally
damaged [4]. The inﬂorescences of the nival cushion plant Saxifraga
bryoides appeared exceptionally vulnerable at late bud stage, dur-
ing anthesis and the early fruit development [10]. During regular
cold snaps at two subnival locations in the Tyrolean Alps (2650 and
2880m a.s.l.) most inﬂorescences at these stages were frost dam-
aged, but nonetheless older fruits and young buds from the second
ﬂowering cohort survived.
The freezing pattern in high alpine plants was studied by
infrared thermography to some extent [11,12], but we lack infor-
mationabout reproductiveorgans. Freezingpattern in reproductive
Open access under CC BY-NC-ND license.organs has been studied in fruit crops revealing protective struc-
tural (anatomical) ice barriers between the stem and the ﬂowers
that prevent ice propagation from the stem into the freezing sen-
sitive ﬂower organs [13,14]. In alpine plants, the freezing pattern
depends markedly on the growth form [11]. In most investigated
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oody and herbaceous species ice propagated throughout the
ntire shoot once ice nucleation has occurred. In graminoids and
n cushion plants such as Silene acaulis ice barriers prevent ice
ropagation to other leaves or shoots. In the present study, the
reezing pattern in the high alpine cushion plants S. bryoides, Sax-
fraga caesia, Saxifraga moschata and S. acaulis were analysed at
arious reproductive stages (bud, anthesis, fruit development). We
ypothesized, that the cushion growth form is advantageous for
rost survival of the reproductive organs. Ice propagation between
eproductive shoots may be prevented by an ice barrier and hence
ingle inﬂorescenceswould survive cold spells due to supercooling.
. Materials and methods
.1. Plant material
Freezing patterns were studied in four high alpine cushion
lants S. bryoides L., S. caesia L., S. moschataWulfen and S. acaulis [L.]
acq. at three reproductive stages (bud, anthesis, and fruit develop-
ent). Rooted plants of the investigated species were collected in
pring 2008 at two natural sites in the Tyrolean Alps: S. bryoides at
subnival site in the Tyrolean Central Alps in the forelands of the
tubai Glacier (2880m a.s.l., 46◦59′18′ ′N, 11◦06′58′ ′E); S. caesia, S.
oschata, and S. acaulis at an alpine site in the northern calcare-
us mountain range north of Innsbruck on Mt. Hafelekar (2334m
.s.l., 47◦18′45′ ′N, 11◦23′00′ ′E). Individuals were potted in plastic
ontainers (8 cm×8 cm×8.5 cm) ﬁlled with an alpine soil mix-
ure. Potted plants were cultivated under natural environmental
onditions in the Alpine Garden of the University of Innsbruck on
t. Patscherkofel (1950m a.s.l., 47◦12′37′ ′N, 11◦27′08′ ′E). Freezing
xperiments were conducted with properly rooted and well-
atered plants in the laboratory throughout the summers of 2008
nd mainly 2009.
.2. Freezing experiments
During night frosts in nature, cushion plants are exposed to a
emperature gradient where the interior of the cushion remains
everal K warmer than their surface [15]. This warming effect has
een termed thermal buffering [3]. In order to simulate the natural
ituation in the experiments the below ground organswere at non-
reezing temperatures. For the detection of freezing patterns with
he infrared camera, two experimental settings with different tem-
erature proﬁles were used (A and B), a third temperature proﬁle
as applied to investigate the distribution of freezing exotherms
t different exposure temperatures (C). (A) For the detection of
hole plant freezing patterns and the freezing temperature range,
lant temperatures were lowered in a freezing chamber at a con-
rolled cooling rate of 6Kh−1 until all inﬂorescences of the cushion
ere frozen. When air temperature (at the height of the inﬂores-
ences) had been lowered to −15 ◦C, the temperature inside the
ushion remained above 0 ◦C during the whole experiment (data
ot shown). Number of investigated cushions for this experimen-
al setting at the different reproductive stages (bud/anthesis/fruit
evelopment): S. bryoides (1/2/3), S. caesia (3/1/1), S. moschata
1/3/1), and S. acaulis (0/1/2). (B) For the detection of the supercool-
ng potential of reproductive shoots of the three Saxifrages, whole
ushions were exposed to moderate subzero temperatures rang-
ng from −4.3 ◦C to −7.7 ◦C for 15h (cooling and thawing rate of
Kh−1). Single cushions were investigated at following exposure
emperatures and reproductive stages: S. bryoides (bud: −4.3 ◦C,
7.6 ◦C), S. caesia (anthesis: −5.9 ◦C; bud: −4.3 ◦C, −5.8 ◦C, −6.0 ◦C,
7.5 ◦C), and S. moschata (anthesis: −4.6 ◦C, −6.0 ◦C; fruit devel-
pment: −5.9 ◦C, −7.7 ◦C). The number of inﬂorescence freezing
vents was accumulated during the exposure. The progression of180 (2011) 149–156
inﬂorescence freezing was described by asymptotic exponential
curves (y= a−bcx, curve ﬁtting with Origin, OriginLab Corporation,
Northampton, MA, U.S.A.). The number of frozen inﬂorescences
at the end of the exposure, and after 1, 2, and 4h were plotted
against the exposure temperature (data of all species and pheno-
logical phases were used). Based on this data, survival curves for
the different exposure times and the frost survival parameter LT50
(i.e. temperature at which 50% of the inﬂorescences were lethally
damaged)were calculated (Logistic sigmoid curveﬁttingwith Fig.P,
Fig.P Software Corporation, Durham, NC, U.S.A.). To prevent freez-
ing of the soil during prolonged exposure to subzero temperatures
the pots were kept unfrozen in a thermally insulated box with a
controlled electric heating beneath the pots (12W heating power,
realized by a power resistor and ventilation). (C) The dependence of
ice nucleation temperatures and supercooling ability on the tem-
perature proﬁle was additionally studied by freezing exotherm
measurements. Whole cushions of S. moschata inﬂorescences dur-
ing anthesis were exposed to −4 ◦C, −6 ◦C, −8 ◦C and −11.5 ◦C for
4h (cooling and thawing rate of 2Kh−1). In each cushion, the tem-
peratures of six inﬂorescences were recorded by thermocouples.
2.3. Infrared thermography
Temperatures and freezing pattern were measured throughout
the entire freezing experimentswith a digital infrared camera (FLIR
Systems ThermaCAM S60, FLIR Systems AB, Danderyd, Sweden).
Measurementswere conductedwith a spatial resolution of 200m
achieved by the use of a close-up lens (LW64/150), and a maximal
time resolution of 25 images s−1. The control of the infrared camera
and infrared data analysis were done with the software Therma-
CAMResearcher (FLIR SystemsAB,Danderyd, Sweden). Theoriginal
infrared data were further analysed by performing an infrared
differential thermal analysis (IDTA) as described by Hacker and
Neuner [16]. IDTA is based on the subtraction of a reference image,
captured just before the occurrence of freezing, from the subse-
quent sequence of images. The resulting sequence of differential
images shows only temperature changes due to the release of heat
during freezing, while background temperature ﬂuctuations are
canceled out. In the resulting IDTA images, freezing is indicated by
brightening of the tissue, while unfrozen areas remain black. Tem-
peratures were additionally measured by ﬁne-wire thermocouples
attached at the height of the inﬂorescences. Videos, showing the
freezingpatternsdescribed in this article, are available on following
website: <http://www.uibk.ac.at/botany/stressphysiology>, Navi-
gation “Ice propagation”.
3. Results
3.1. Freezing patterns in whole cushion plants
A sequence of IDTA images determined during freezing of a S.
moschata cushion during anthesis illustrates, that all reproductive
shoots and the vegetative shoots froze independently from each
other (Fig. 1). Freezing is indicated in the IDTA image by brighten-
ing, which diminished after several minutes when most water has
frozen. In every reproductive shoot, autonomous ice nucleation is
required to initiate the freezing process. Ice propagation between
single reproductive or vegetative shoots was not observed. Conse-
quently, freezing of all reproductive shoots of the cushion occurred
in a broad temperature range from −4.7 ◦C to −12.1 ◦C and was
ﬁnished only after 90min (at a cooling rate of 6Kh−1). All inﬂores-
cences were lethally damaged, but 40% of the leaf bearing bases of
the reproductive shoots survived this freezing treatment (data not
shown, minimum temperature was −15 ◦C).
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ﬂig. 1. The sequence of IDTA images of a ﬂowering S. moschata cushion recorded du
brightening of the inﬂorescences or vegetative shoots (bright spots out of focus)
eat release was detectable, plant tissues became black again. Freezing of all inﬂor
hite numbers indicate the time in minutes after the ﬁrst freezing event, if not oth
The same freezing pattern as found in S. moschata during anthe-
is was detected in a S. acaulis cushion during fruit development
Fig. 2). The single fruits and vegetative shoots froze independently
rom each other and each inﬂorescence required an autonomous
ce nucleation event. Ice propagation between frozen and unfrozen
hoots couldnot bedetected. All fruits of the cushion froze in awide
emperature range from −4.4 ◦C to −11.9 ◦C. Ice nucleation either
ccurred in the leaf bearing base of the reproductive shoot (Fig. 2,
etail A), or most times (six out of seven fruits) in the calyx outside
he fruit (Fig. 2, detail B). After the main freezing exotherm addi-
ional freezing events could be observed inside two fruits (Fig. 2,
reezing sites are marked with white circles and squares respec-
ively).
The freezing patterns in S. moschata during anthesis and S.
caulis during fruit development were in principal the same in
ll four investigated cushion plants at all reproductive stages. For
he determination, whether anatomical ice barriers are existent in
ushions, the cushion structure of a S. acaulis cushion was com-
letely loosened. Then the vegetative shoots were shifted apart in
rder toprevent thermal buffering andhence toproduce ahomoge-
ous temperature in all plant parts during cooling. The sequence
f IDTA images shows unhindered ice propagation throughout the
hole shoot within 13 s, subsequent to ice nucleation at −3.7 ◦C
ccurring in one of the vegetative shoots (Fig. 3).
.2. Sites of ice nucleationSites of ice nucleation and ice propagation patterns within
eproductive shoots are shown for S. moschata and S. caesia (Fig. 4).
ce nucleation occurred mainly in the stalk (Fig. 4B) or in single
owers (Fig. 4C), in the latter in the ovary or the calyx. Less frequentontrolled freezing shows that all inﬂorescences froze independent from each other.
ates freezing. When most water in the respective organs was frozen and no more
ces occurred in a wide temperature range from −4.7 ◦C to −12.1 ◦C within 90min.
ciﬁed.
was icenucleation in thebasis of the reproductive shoot (Fig. 4Aand
D). Subsequent to ice nucleation, ice propagated throughout the
entire inﬂorescence including all branchings independent of the ice
nucleation site. Ice nucleation in the stalk and the leaf-bearing basis
of the reproductive shoot caused immediate ice propagation, while
after ice nucleation in theﬂowers, icewas restricted for a short time
at the nucleation site. However, when ice encountered the vascu-
lar tissue, ice spread without hindrance throughout the complete
reproductive shoot. The rate of ice propagation in the inﬂores-
cence stalk was signiﬁcantly higher at lower temperatures (Fig. 4C:
4.0 cms−1 at −8.9 ◦C; Fig. 4D: 3.0 cms−1 at −7.0 ◦C; 1.6 cms−1 at
−3.4 ◦C). When the freezing patterns were observed in top view of
the ﬂowers, the site of ice nucleation was difﬁcult to determine,
if at all (Fig. 4E–H). Ice nucleation beneath the ﬂower was clearly
detectable when the inﬂorescence stalk was bent. From the sym-
metric freezing patterns of the petals and sepals as in Fig. 4H, ice
nucleation in the leaf bearing base of the reproductive shoot or in
the stalk can be assumed.
Cushion structure appeared to inﬂuence ice nucleation sites. In
a compact cushion of S. caesia bearing 45 reproductive shoots ice
nucleation occurred mainly in the stalks (53%), in the ﬂower bud
itself (24%), in leaves of the stalk (16%), and more rarely in the
leaf-bearing base of the reproductive shoots (7%). In cushionswith-
out a compact structure, i.e. with considerable air spaces between
shoots, the chance for ice nucleation in the leaf-bearing base of the
reproductive shoots was increased (data not shown).3.3. Ice nucleation temperatures
When the temperatures were lowered at a controlled cooling
rate of 6Kh−1 down to a minimum temperature with all inﬂo-
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mig. 2. The sequence of IDTA images of a fruiting S. acaulis cushion during control
ach other. Each shoot required autonomous ice nucleation to initiate the freezing
rom where ice propagated into the fruit, or more often in the calyx (B). Inside two f
umbers indicate the time in minutes after the ﬁrst freezing event; subﬁgures (A an
escences frozen, ice nucleation in reproductive shoots occurred
n a wide range of temperatures (Table 1). First ice nucleation
vents were detected around −4 ◦C in all species and reproductive
tages, while minimal ice nucleation temperatures varied between
7.6 ◦C in S. bryoides ﬂowers and −17.4 ◦C in S. acaulis ﬂowers.
ence, the resulting range of ice nucleation temperatures was
etween 3.8 ◦C in S. moschata ﬂowers and 13.7 ◦C in S. acaulis
owers.
The ice nucleation temperatures and the duration of supercool-
ng were markedly affected by the cooling proﬁle itself, which
able 1
aximum, mean and minimum ice nucleation temperatures and their total range measu
oschata and S. acaulis at the three reproductive stages.
Species Phase No. of cushions No. of inﬂorescences
S. bryoides Bud 1 42
S. bryoides Flower 1 21
S. caesia Bud 2 93
S. caesia Flower 1 7
S. moschata Bud 1 9
S. moschata Flower 3 54
S. moschata Fruit 1 18
Silene acaulis Bud 2 45
Silene acaulis Fruit 1 7ezing shows that all single fruits and vegetative shoots froze independently from
ss. Ice was either nucleated in the leaf bearing base of the reproductive shoot (A),
dditional freezing events were detectable after the main freezing exotherm. White
hite numbers indicate time in seconds after ice nucleation.
is representatively shown for S. moschata ﬂowers (Fig. 5). At the
lowest exposure temperature of −11.5 ◦C, all freezing exotherms
occurred during the cooling phase and were at mean signiﬁcantly
lower than in the more moderate freezing temperature scenarios.
At the exposure temperature of−8 ◦C, freezing exotherms occurred
not only during cooling, but also during the exposure phase. This
was more pronounced at the exposure temperature of −6 ◦C, when
freezing exotherms occurred during the whole exposure phase
and even during thawing. At the highest exposure temperatures
of −4 ◦C and −6 ◦C, several ﬂowers (four and one ﬂower respec-
red in inﬂorescences of the four investigated cushion plants S. bryoides, S. caesia, S.
Maximum (◦C) Mean (◦C) Minimum (◦C) Range (K)
−3.7 −6.7 −10.3 6.6
−3.6 −5.3 −7.6 4.0
−4.7 −9.2 −13.8 9.1
−2.8 −6.3 −8.9 6.1
−7.8 −10.3 −11.6 3.8
−3.8 −8.1 −12.8 9.0
−4.2 −8.0 −11.4 7.2
−3.7 −11.0 −17.4 13.7
−4.4 −8.0 −10.3 5.9
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eig. 3. In a vegetative S. acaulis cushion shoots have been put apart to prevent therm
he whole shoot system via the connecting stems after ice has nucleated in one vege
n seconds after initial ice nucleation.
ively) remained supercooled during the entire freezing treatment
nd no freezing exotherms were detected.
.4. Survival rates of inﬂorescences at higher subzero
emperatures
The cooling proﬁle markedly inﬂuenced the ice nucleation pat-
ern, as described in the previous section. Especially at higher
emperatures prolonged supercooling of inﬂorescences occurred.
cushion of S. caesia during bud phase and S. moschata dur-
ng anthesis was exposed for 12h at minimum temperatures of
5.8 ◦C and −6.0 ◦C respectively with controlled cooling and thaw-
ng rates of 6Kh−1 (Fig. 6A). First inﬂorescences froze, when the
arget temperature had been reached, but freezing of inﬂorescence
as observed during the entire exposure in both species. Ice nucle-
tion occurred most frequent at the beginning of the exposure
ut decreased with the duration of the exposure. The accumulated
umber of freezing events was expressed as asymptotic exponen-
ial function, which describes the freezing progression adequately
Fig. 6A). Freezing occurred in 77% of S. caesia ﬂower buds and in
4% of open ﬂowers in S. moschata causing full frost damage to
he reproductiveorgans (Fig. 6B). Inﬂorescenceswithoutdetectable
reezing during the whole experiment survived and developed
urther.
Freezing progression and frost damage rates of the inﬂores-
ences of the three Saxifrages at the three reproductive stages (bud,
nthesis, and fruit development) were surveyed at exposure tem-
eratures ranging from −4.3 ◦C to −7.7 ◦C and an exposure time
f 15h (Fig. 7). At high exposure temperatures of around −4.5 ◦C,
reezing was detected only in 14–33% of all inﬂorescences, while
t exposure temperatures of around −7.5 ◦C more than 90% inﬂo-
escences were already frozen within a few hours (Fig. 7A). At
n exposure temperature of −6 ◦C, the biggest variation could be
bserved (44–94% frozen inﬂorescences). At highexposure temper-
tures, the maximum frost damage was reached after a few hours
ndicated by ﬂattening of the ﬁtted curve, while in the interme-
iate temperatures an increase was detectable during the entire
xposure time. From these curves, the number of frozen inﬂores-fering. The sequence of IDTA images shows unhindered ice propagation throughout
shoot. Anatomical ice barriers apparently did not exist. Numbers indicate the time
cences was determined after 1, 2, 4, and 15h and plotted against
the exposure temperature (Fig. 7B). Frost survival rates of inﬂores-
cences were markedly affected by the duration of exposure with
high LT50 values at longer duration and vice versa −5.1 ◦C (15h),
−5.5 ◦C (4h), −6.3 ◦C (2h), and −6.9 ◦C (1h).
4. Discussion
While vegetative shoots and leaves of high alpine cushionplants
are known to survive extracellular freezing in summer [5], the
reproductive organs of the investigated species were not ice toler-
ant. Only supercooling prevented frost damage of the reproductive
organs. The reproductive shoots of the investigated cushion plants
S. bryoides, S. caesia, S. moschata and S. acaulis showed unique
freezing patterns at all reproductive stages (bud, anthesis, fruit
development). Each single reproductive shoot froze independent
from each other and needed an autonomous ice nucleation event,
which corroborated the ﬁndings of separate freezing events in veg-
etative shoots of a cushion of S. acaulis [11]. The detected ice barrier
is not a structural one, which could be demonstrated for a loos-
ened S. acaulis cushion. Ice propagated unhindered throughout the
whole cushionwhen the structural thermalbufferingof the cushion
[3] was inhibited. Ice propagation between shoots was thermally
blocked. This can be expected to be close to the situation at a nat-
ural growing site, where the interior of cushion plants has been
shown to remain several centigrade’s warmer than the cushion
surface [15]. Structural ice barriers are present in graminoids due
to the speciﬁc organization of the vascular system [11,12,17,18]
and in overwintering ﬂower buds of several Rhododendron species
[19,20], Vitis vinifera [21] and peach [22]. The additional freezing
events detected inside of S. acaulis fruits after the main freezing
exotherm, originate very likely from freezing of single seeds. Dur-
ing maturation drying, the seeds will become separated from the
carpel whereby an ice barrier may develop. In alpine plant species,
the whole maturation phase is known to be rather insensitive to
low temperatures (S. moschata [23], Gentianella germanica [24]). A
decoupling of the seeds from the reproductive shoot as a freezing
unit appears advantageous for seed survival.
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Fig. 4. Freezing patterns in reproductive shoots of S. moschata (A and B, buds in lateral view; E–H, ﬂowers in top view) and S. caesia (C and D, ﬂowers in lateral view) were
visualized by sequences of IDTA images during freezing. In the lateral view, two main ice nucleation sites could be clearly differentiated: Ice nucleation in the leaf bearing
base of the reproductive shoot (A and D) and in the inﬂorescence (either in the stalk (B) or in the ﬂower itself (C)). Subsequent to nucleation, ice propagated throughout the
reproductive shoot either immediately (A, B and D) or was retarded for a second after ice nucleation in the ﬂower (C). Ice nucleation in four S. moschata ﬂowers observed in
top view occurred mainly beneath the ﬂower. Freezing of the stalk can be either clearly seen (E or F) or the blossom hides the view (G and H). Numbers indicate the time in
seconds after ice nucleation. Scale: (A and B) height of inﬂorescences is about 2 cm; (E–H) diameter of ﬂowers is about 1 cm.
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Fig. 5. Ice nucleation temperature and the duration of supercooling of six single
ﬂowers of four S. moschata cushions depended markedly on the severity of the
freezing treatment. At an exposure temperature of −11.5 ◦C, all freezing exotherms
occurred during cooling, while at higher exposure temperatures, the freezing
exotherms appeared mainly during the exposure and even thawing phase. At the
exposure temperature of−4 ◦C and−6 ◦C, someﬂowers (four and oneﬂower respec-
tively) remainedsupercooledduring theentire freezing treatmentandnoexotherms
were detected.
Fig. 6. (A) A cushion of S. caesia at bud stage and S. moschata during anthesis have
been exposed to −5.8 ◦C and −6.0 ◦C for 12h (cooling and thawing rate 6Kh−1).
First inﬂorescences froze when the temperatures have reached theirs minimums.
But freezing occurred during the whole exposure phase, accumulated number of
inﬂorescence freezing events are indicated by gray circles for S. caesia and black
diamonds for S. moschata respectively. The progression of inﬂorescence freezing
is additionally depicted by ﬁtted asymptotic exponential curves. (B) At the end of
the treatment, 77% of S. caesia buds and 44% of S. moschata ﬂowers were frozen
and thereby lethally damaged, while unfrozen inﬂorescences survived the freezing
treatment.
Fig. 7. (A) The occurrence of freezing events of reproductive shoots of the three
Saxifrages at the three investigated reproductive stages were monitored at different
exposure temperatures for 15h (* 12h exposure time; superscripted letters indicate
species and reproductive stage: (a) S. bryoides bud, (b) S. caesia anthesis, (c) S. caesia
bud, (d) S. moschata anthesis, (e) S. moschata fruit development). The progression
of inﬂorescence freezing is depicted by asymptotic exponential curves (see Fig. 6A;
single data points not shown). (B) From these curves, the number of frozen inﬂo-
rescences was determined after 1, 2, 4, and 15h and plotted against the exposure
temperature. Frost survival of inﬂorescences increased markedly at shorter dura-
tions of exposure, as indicated by LT50 values: −5.1 ◦C (15h); −5.5 ◦C (4h); −6.3 ◦C
(2h); and −6.9 ◦C (1h).
Ice nucleation occurred mainly in the stalk or the leaf-bearing
base of the reproductive shoot but was also detected in the ovary
and the calyx. Due to the smallness of the investigated organs, an
exact localisation of the nucleation site was not possible. Intrinsic
ice nucleation can be assumed, as the investigated plant sam-
ples were lacking surface water, which plays an important role in
extrinsic ice nucleation [25]. In biological systems, nucleation is
always heterogeneous and takes place on or around foreign parti-
cles, because the internal water is inevitable in contact with other
surfaces and large molecules [26,27]. It can be expected, that ice
nucleation occur in apoplastic water, as it has a higher equilib-
rium freezing temperature than cytoplasmic or vacuolar water
[28]. In most cases, ice propagation in the stalk throughout the
reproductive shoot started immediately after ice nucleation, and
was associated with the vascular tissue. This corroborates ﬁndings
for other alpine species of various growth forms [11] and woody
species of different taxa and provenance [16,28]. In these cases, the
xylem vessels itself appear to be the most probable sites of nucle-
ation, as the likelihood of ice nucleation increases with the volume
ofwater [26,29]. Ice nucleation in the ovary or the calyx occurred in
some cases apparently not in the vessels, as ice propagation in the
stalk did not start immediately, but was retarded for some seconds,
which is also reported for leaves of Senecio incanus [12]. When cold
spells in summer are accompanied by precipitation, ice nucleators,
present at the plant surface, will become active in aqueous solu-
tions [30]. Hence, extrinsic ice nucleation could be favoured under
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uch conditions and critically reduce the supercooling ability of the
eproductive shoots.
The initial rapid spread of ice following ice nucleationwas found
ooccur in thevascular system[3,11,16,31]. Icepropagation rates in
he inﬂorescence increased signiﬁcantly with decreasing ice nucle-
tion temperatures which corroborates earlier ﬁndings [11,16].
igh density and compactness of the cushion favoured ice nucle-
tion in the inﬂorescences due to a higher temperature gradient
etween the inﬂorescence tip and its base. In contrast, in loosened
ushions ice nucleation occurred equally in the inﬂorescences and
he leaf bearing base of the reproductive shoots due to a reduced
emperature gradient. At natural sites under radiative cooling con-
itions, the temperature gradients could be evenmore pronounced
han under convective cooling used in the freezing experiments,
hich may result in a higher probability for ice nucleation in the
nﬂorescences itself.
As the reproductive organs of the investigated high alpine
ushion plants were not ice tolerant, survival depended on efﬁ-
ient supercooling. Ability to maintain the supercooled state was
ot only increased under moderate freezing temperature but also
arkedly by shorter exposure times. In nature, a moderate night
rost would leave a calculable probability of frost survival due to
emaining supercooled reproductive shoots. A similar supercool-
ng survival mechanism has been found in graminoids [11] that are
he most frost resistant high alpine plant species in summer [5].
articularly under the radiative freezing scenarios typical for high
lpine environments during spring and summer, subzero temper-
tures are often lasting only for a short time period. Prevention of
ce nucleation could enable an escape from freezing injury. This
bserved freezing and ice nucleation patterns in the reproductive
hoots of high alpine cushion plants may be crucial for their repro-
uctive success.
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